We find a class of solutions for a homogeneous and isotropic universe in which the initially expanding universe stops expanding, experiences contraction, and then expands again (the "bounce"), in the framework of Einstein gravity with a real scalar field without violating the null energy condition nor encountering any singularities. Two essential ingredients for the bouncing universe are the positive spatial curvature and the scalar potential which becomes flatter at large field values. Depending on the initial condition, either the positive curvature or the negative potential stops the cosmic expansion and begins the contraction phase. The flat potential plays a crucial role in triggering the bounce. After the bounce, the flat potential naturally allows the universe to enter the slow-roll inflation regime, thereby making the bouncing universe compatible with observations. If the e-folding of the subsequent inflation is just enough, a positive spatial curvature may be found in the future observations. Our scenario nicely fits with the creation of the universe from nothing, which leads to the homogeneous and isotropic universe with positive curvature. As a variant of the mechanism, we also find solutions representing a cyclic universe.
I. INTRODUCTION
The ΛCDM model based on the slow-roll inflation is extremely successful, and observations of the cosmic microwave background (CMB) have determined various cosmological parameters with a high precision [1] . Despite its great success, there remain some unanswered questions. One of them is the initial condition of the universe: we still do not know how the universe began before inflation. This is due to the attractor nature of inflation. Once the inflation starts, information on the initial condition is soon forgotten. In particular, the initial spatial curvature is stretched away by the exponential expansion of inflation.
The expanding universe is consistent with all the observations, and it is taken for granted that the universe keeps expanding from the very beginning until the present. Indeed, the Friedmann equation tells us that a flat expanding universe keeps expanding as long as the total energy of the universe is positive. However, it is possible, at least theoretically, that the universe experienced a contraction phase in the very early epoch before inflation or it may enter the contraction phase in the far future.
It is either a positive spatial curvature or a negative potential that can cause the contraction of the universe. As is well known, a closed (positively curved) universe stops expanding and starts to contract at a certain point. Also, scalar potentials which become negative for a range of field values (for brevity we call them negative potentials) can lead to a contracting phase when the Hubble parameter H(t) passes through zero and changes its sign.
Cosmology with a negative potential has been extensively studied in Refs. [2, 3] .
A negative potential appears in various situations. For example, the potential of the Standard Model Higgs may become negative around the true minimum depending on the precise value of the top quark mass [4, 5] . In supergravity, the scalar potential receives a negative contribution from spontaneous breaking of R-symmetry, and the potential is always non-positive for supersymmetric solutions. Therefore, depending on the uplift by supersymmetry breaking effect, some part of the potential may remain negative. In the string theory landscape, we expect there are many local vacua with a negative potential [6] .
Once the universe starts to contract, the kinetic energy of scalar fields increases for generic potential. Once the kinetic energy dominates the universe, it is hard to stop the universe from collapsing to a singularity 1 , as the kinetic energy rapidly increases as a −6 where a is the scale factor.
Such a catastrophic collapse can be avoided if the universe stops contracting and starts to expand again, the so-called bouncing universe. If the bounce takes place before the energy reaches the Planck scale, one can reliably use Einstein gravity as an effective field theory. As we shall see shortly, the existence of the bouncing solution depends on the spatial curvature. For a flat or open (negatively curved) universe, the possibility of a bounce is precluded by the null energy condition (NEC). For a closed universe, on the other hand, the bounce takes place when the curvature term balances with the total energy of the universe. However, it is challenging to satisfy this condition since the curvature term grows as a −2 while the kinetic energy of the scalar field tends to grow much more rapidly. In this paper, we find a class of solutions for a Friedmann-Lemaître-Robertson-Walker (FLRW) universe in which the initially expanding universe begins to contract and finally expands again, in the framework of Einstein gravity with a real scalar field. Two essential ingredients we introduce are the positive spatial curvature and the scalar potential that becomes flatter as the scalar field goes away from the minimum. The transition from expansion to contraction is induced either by the spatial curvature or the negative potential. After the scalar field passes the potential minimum, it continues to climb up the potential, converting most of the kinetic energy to the potential energy. In particular, if the potential becomes sufficiently flat when the kinetic energy gets suppressed, the scalar field slow-rolls on a flat plateau of the potential, and the universe experiences an accelerated (ä > 0) contraction. If the positive curvature term balances with the scalar field energy during this period, the bounce occurs. We emphasize that the accelerated contraction phase induced by the flat potential plays a crucial role for the bouncing universe.
After the bounce, the scalar field still remains on a flat plateau of the potential, and so, the universe naturally experiences inflation. It is interesting that the flat potential required for the bounce results in the subsequent slow-roll inflation. If the scalar field continues to slow-roll for a sufficiently long time and finally finds another minimum with a sufficiently small and positive cosmological constant, our bouncing solution can be consistent with observations. In particular, we may be able to see the effects of the contraction phase and/or the positive curvature if the e-folding number of inflation is just enough.
Interestingly, positive curvature is weakly preferred by the latest CMB observation [1] , although it is fair to say that it is currently consistent with the flat universe when the lensing and baryon acoustic oscillation (BAO) constraints are combined. If future observations confirm positive curvature, it might be the remnant of the fact that our universe experienced a contraction phase in the very early universe.
Lastly, let us mention the related works in the past. A negative cosmological constant and positive spatial curvature were employed in Refs. [7] [8] [9] [10] to realize a cyclic universe.
2 Instead of a scalar field, they utilized domain walls to satisfy the necessary condition for the bounce to occur. Note that one can construct a non-singular bouncing or cyclic universe with a negative scalar potential instead of the domain walls [8] , because, as a mathematical procedure, it is possible to reconstruct a scalar potential that reproduces any given solution of the scale factor as a function of time, as long as K/a 2 −Ḣ =φ 2 /2 is not negative [15] . In contrast, we begin with a scalar field model with some reasonable choices of the scalar potential which is well-motivated in the context of inflation model building, and study how the bounce occurs.
We emphasize here that it is far from trivial to build a model in which the universe is initially expanding, then contracts, and finally expands again, although each step was relatively well studied (see Refs. [2, 3] for the turnaround to contraction by a negative potential and Refs. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] for the bounce with positive curvature) There are many attempts to realize bouncing or cyclic cosmology by violating the NEC [27] [28] [29] , but we do not consider such a possibility throughout the paper. Also, there are some works on the bouncing or cyclic cosmology involving a singularity at the bounce [30] [31] [32] , but we are only interested in the non-singular bounce scenario which can be analyzed solely in the framework of the effective field theory. Other bouncing or cyclic scenarios can be found in reviews [33] [34] [35] .
The rest of the paper is organized as follows. In section II, we explain our solution of the bouncing universe based on the positive curvature and the flat potential. In section III, we provide an example model that realizes the sequence of expansion, contraction, and expansion, and also show our numerical results. A possible origin of the positive curvature is discussed in section IV. A variant of the scenario which does not require a negative potential is discussed in section V, and there we find a solution of the cyclic universe. The last section is devoted to discussion and conclusions.
II. EXPANSION, CONTRACTION, AND EXPANSION AGAIN
In this section, we provide a rough sketch of our bouncing solution and explain the necessary ingredients. Throughout this paper, we assume a homogeneous and isotropic universe with the FLRW metric,
where a (t) is the scale factor, and K is the spatial curvature parameter. We assume a closed universe with K > 0 for a reason that will become clear shortly. We consider the Einstein-Hilbert action with a real scalar field φ,
where R is the Ricci scalar, and V (φ) is the scalar potential which has a minimum φ min near the origin. For the moment we assume that V (φ min ) is negative, while V (φ) > 0 for the scalar field away from the minimum. This assumption can be relaxed if the spatial curvature is sufficiently large as we shall see later. We adopt the reduced Planck units where M P = (8πG)
GeV is set to be unity.
The Friedmann equations are given by
where the dot denotes the derivative with respect to time, H =ȧ/a is the Hubble parameter, and ρ and P are the energy density and pressure, respectively. In the case of the scalar field, the Friedmann equations and the equation of motion read
Now let us assume that the universe is initially expanding, H > 0, and the scalar potential is positive V (φ) > 0. We parametrize the curvature by the density parameter defined by
where the critical density is ρ crit ≡ 3H 2 . For the moment we suppose that the curvature is negligible, i.e., |Ω K | 1. Then, one can see from eq. (6) thatḢ is negative, i.e. the expansion rate H decreases. As the φ rolls down the potential toward the minimum, it enters the region of the negative potential V < 0 at a certain point. If the kinetic energy and the negative potential balances, the expansion stops (H = 0). If the curvature contribution is still subdominant at this point, eq. (6) tells us thaṫ H < 0 and H becomes soon negative, i.e. the universe begins to contract.
Alternatively, the positive curvature can stop the expansion as well and the universe begins to contract if the kinetic energy is sufficiently large. Note that the negative potential is not required in this case. We will return to this possibility in section V.
During the contraction phase, φ feels a negative Hubble friction, i.e., anti-friction. When |H| is smaller than the mass or characteristic curvature of the scalar potential, the motion of φ can be approximated by that in the flat space followingφ + ∂V ∂φ 0. For example, in the case of a free scalar V = m 2 φ 2 /2 − const., it behaves as a simple harmonic oscillator and its oscillation amplitude grows gradually due to the cosmic contraction. When |H| becomes comparable to or larger than the characteristic mass scale, the kinetic term generically starts to grow rapidly, ρ kin ≡ kinetic energy, the universe continues to contract until its size becomes zero: the Big Crunch. Further details of the cosmological evolution with a negative potential are discussed in Refs. [2, 3] .
To avoid the Big Crunch, and to make the universe expand again, we need to suppress the growth of the kinetic energy. To this end, we note that the kinetic energy temporally vanishes at the endpoint in the case of the simple harmonic oscillator. Therefore, if the potential becomes flatter around the endpoint where V (φ) is positive, the universe will be dominated by the potential energy for a longer time. Then, the universe will be in the phase of the accelerated contraction (ä > 0). In other words, the dynamics governed by the kinetic energy is postponed, and there appears a transient slow-roll regime following 3Hφ + ∂V ∂φ 0. Although this accelerated contraction does not continue forever since the kinetic energy, however small, grows faster than the potential energy, there is a possibility that the spatial curvature catches up with the potential energy before the kinetic energy becomes relevant. This can make the Hubble parameter vanish again, H = 0. Note that this is possible only if the spatial curvature is positive K > 0. Interestingly, since the kinetic term is subdominant compared to the curvature contribution in eq. (6) at this moment,Ḣ > 0 and H becomes soon positive. In other words, the universe expands again.
The above bounce solution resembles the well-known de Sitter bounce solution,
in the presence of the positive spatial curvature K and the positive cosmological constant Λ. In our case, the positive flat scalar potential plays the role of Λ. Generally speaking, the condition of the bounceȧ = 0 andä > 0 requires ρ + 3P < 0 at the moment of the bounce. This condition is the same as the accelerated expansion, so inflationary expansion naturally follows the bounce. In order to continue to the standard inflationary paradigm, the scalar field must find another minimum where the cosmological constant is tiny and positive. We will discuss another possibility to uplift the negative potential later.
We emphasize that the condition for the bounce solution naturally leads to the subsequent slow-roll inflation.
If the e-folding number is sufficiently large, the spatial curvature will be stretched away, and the bounce will be soon forgotten by the attractor nature of inflation. On the other hand, if the e-folding is just enough, we may be able to see the effect of the positive spatial curvature. The subsequent cosmological history will be the standard cosmology with slow-roll inflation provided that φ can find another minimum where the potential is small but positive. 
III. EXAMPLE MODEL
To realize the bounce solution described in the previous section, let us consider the following potential,
where V 0 is the overall scale of the potential, and α, β, and γ parametrize the width, left-right asymmetry and offset of the potential, respectively. We consider the following ranges of the parameters, α > 0, −1 < β < 1, and −1 < γ ≤ 0 in the following. The asymptotic flatness of the potential (as well as the appearance of the tanh function) is realized in the context of α-attractor [36] [37] [38] or pole inflation [38] [39] [40] . Similar flattening of the potential can also be realized in the so-called running kinetic inflation [41, 42] . The potentials for several choices of the parameters are shown in Fig. 1 . To realize the bounce solution, the potential must be flat near the endpoint of oscillations where the kinetic energy becomes small. This can be realized for various choices of the parameters. Suppose that φ is initially to the left of the potential minimum. For a certain value of γ < 0, the universe stops to expand and starts to contract due to the negative potential around the minimum. Then, the kinetic energy starts to increase, and the oscillation amplitude becomes larger. At a certain point, the endpoint of oscillations approaches the plateau of the potential. It depends on γ how many times the scalar oscillates before it reaches the flat plateau. It is even possible that, for a certain choice of γ, the scalar reaches the flat potential region on the right without any oscillations after passing through the minimum. If the potential on the right plateau is flat enough around the endpoint, the scalar will spend a long time there, and the curvature can catch up with the potential energy, and the bounce occurs. One can similarly adjust α or β to realize the bounce solution. In the case without any oscillations, larger α and |β| (β < 0) make it easier for the scalar field to reach the flat plateau on the right.
We have numerically solved the evolution of the universe varying the parameters with the initial condition given by
For α of order unity, the cosmic expansion is initially accelerated. The numerical results for α = 1, β = 0, and γ = −0.09143 are shown in Fig. 2 . The top panel shows the evolution of the scale factor as a function of the conformal time, η = dt/a(t). One can see a sequence of the accelerated expansion, accelerated (ä > 0) contraction, and accelerated expansion. In this example, φ does not oscillate before it reaches the right plateau, and it comes back to the potential minimum after the universe starts to expand again. In order to have sufficiently long inflation after the bounce, we need to modify the potential on the right so that φ continues to move to the right direction until it finds another potential minimum with almost vanishing cosmological constant. We have also found qualitatively similar bounce solutions for other choices of the parameters, e.g. (α = 1, β = −0.3805885, and γ = −0.05) and (α = 0.8924, β = 0, and γ = −0.1).
We have numerically confirmed that the bounce is possible after multiple oscillations around the minimum if we choose smaller values of α or |γ|. We note however that, as the number of oscillations increases, the subsequent evolution of the universe becomes more sensitive to the choice of the parameters and exhibits chaotic behavior. A similar chaotic evolution was studied in Refs. [23, 25, 26] .
In the above examples without any oscillations, the curvature term is subdominant compared to the kinetic energy or the potential energy when the universe starts to contract. Specifically, ρ curv is about two percent of the kinetic energy and the potential energy around η ≈ 3/ √ V 0 when H = 0 in Fig. 2 . We can start with even smaller curvature if we choose parameters such that the kinetic energy becomes more suppressed when the scalar field reaches the flat part. Smaller initial curvature implies that the time when the curvature becomes important is delayed, and the length of the contraction period becomes longer. There is a caveat in such a situation that anisotropic curvature perturbations, in addition to the kinetic term, grow rapidly like a −6 . The direction of anisotropy chaotically changes in time, and this phenomenon is known as the BKL instability [43] [44] [45] or chaotic mixmaster behavior [46] (see e.g. Ref. [47] for more details). In non-singular bouncing scenarios, however, such behavior becomes mild [14] . Moreover, the initial anisotropy will be suppressed in the situation discussed in section IV. 
IV. POSSIBLE ORIGIN OF THE POSITIVE CURVATURE
So far, we have not specified the origin of positive spatial curvature. A fascinating possibility is the quantum creation of the universe from nothing [48] . It predicts the closed universe with K > 0.
One introduces the cosmological wave function Ψ representing the quantum nature of the spacetime to estimate the nucleation probability of the universe. In the socalled mini-superspace approximation, we consider only the scale factor a(t) and the homogeneous scalar field φ(t), and the cosmic wave function Ψ(a, φ) satisfies the Wheeler-DeWitt equation [49] ,
with the Hamiltonian given by [50] 
Here we adopt the canonical quantization of the system to replace the momentum conjugate of a(t) with the differential operator p a → −i ∂ ∂a . The potential U (a, φ) is written as
The potential barrier at small values of a suggests that the universe might have emerged from nothing (a = 0) by quantum tunneling. The universe created in this way at time t = 0 has a finite size and obeys the following initial conditions [51] ,
The nucleation probability will be the highest for the most symmetric configuration, hence the initial inhomogeneity and anisotropy are considered to be highly suppressed in this scenario. Such homogeneity is advantageous to avoid possible spatial instabilities that are usually present when the scalar oscillates in a potential shallower than the quadratic potential. Even if inhomogeneity and anisotropy grow during such processes, the bounce can occur provided they are small enough [52] [53] [54] . We regard eq. (15) as the initial condition of the subsequent classical time evolution. One can also study how the system dynamically becomes classical by using methods developed in a context of quantum cosmology [55] [56] [57] [58] [59] .
There are two different nucleation probabilities of the universe due to the ambiguity of the boundary conditions. Namely, the nucleation probability of the universe for φ is given by two forms [51] ,
where the minus sign corresponds to the tunneling wave function [60] , whereas the plus one to the Hartle-Hawking (no-boundary) wave function [61] . Note that the tunneling wave function predicts that the universe nucleates in the highest region of the potential of φ. Therefore, even without the contraction phase, the nucleated universe can be smoothly connected to the standard slowroll inflation. In contrast, the Hartle-Hawking wave function prefers the lowest-energy vacuum states of the universe (V (φ) → 0), and it is often said to disfavor inflation [51, [62] [63] [64] [65] . We note that, once the universe created from nothing starts to contract and experiences the bounce, the energy density can increase by a large amount. Thus, the potential problem with the HartleHawking wave function can be significantly relaxed. We will briefly comment on such a possibility in Section VI.
V. CYCLIC UNIVERSE
So far we have mainly focused on the case in which the curvature is subdominant when the universe starts to contract, and later it comes to be comparable to the potential energy to make the universe expand again. When the curvature is sizable from the very beginning, on the other hand, it can induce the transitions both from expansion to contraction and from contraction to expansion. Interestingly, we find solutions in which expansion and contraction occur alternately, i.e. the cyclic universe solutions. In this section, we consider the non-negative potential with β = γ = 0 for simplicity. We find many cyclic universe solutions for sufficiently small values of α for the tunneling initial condition given in eq. (15) . The required size of α depends on the initial position of the scalar field. One such initial condition is Fig. 2 .
We may take a coarse-grained view concerning the field oscillations since the cyclic behavior takes place on a much longer timescale as shown in the top panels of the Figures. The effective equation of state of the scalar field is obtained by taking an average over oscillations, w ave = P φ /ρ φ , where the over-line denotes oscillation average. While the universe is expanding, the oscillation amplitude decreases. For a sufficiently small amplitude, the potential can be approximated by the quadratic one, and so, w ave asymptotes to 0. Then, at a certain point, the curvature becomes important and the universe stops expanding and starts to contract. While the universe is contracting, the oscillation amplitude increases. Since our potential becomes flat at large field values, w ave becomes close to −1 if the oscillation amplitude is sufficiently large. Then the curvature catches up with the potential energy and the universe bounces. The cyclic solution is a result of the interplay between the curvature and the scalar field whose averaged equation of state oscillates about w ave = −1/3.
A large number of scalar-field oscillations in a potential shallower than the quadratic one will induce instability of scalar-field fluctuations when the second derivative of the potential becomes non-positive. Also, the chaotic mixmaster behavior mentioned at the end of section III may become relevant after many cycles although we expect that such effects can be negligible in the specific example in Fig. 3 because of the not large (order one) ratio of the maximal and minimal values of the scale factor. Various types of instability in a cyclic setup were studied in Refs. [9, 10] . More generally speaking, the second law of thermodynamics implies that the entropy density increases as the number of cycle increases, so the infinite cycle will be unrealistic [66] . It is not clear whether a large fraction of the universe becomes a viable universe after a large number of cycles. An attempt is made in Ref. [12] to realize cosmological evolution consistent with observations after many cycles.
VI. DISCUSSION AND CONCLUSIONS
One of the remaining questions in cosmology is the initial condition of the universe. Did the universe have a beginning? If yes, how did the universe begin? The inflation has moved the initial Big Bang singularity far in the past but does not entirely remove it [67] . In the bouncing universe scenario, the universe is contracting from the very beginning and starts to expand avoiding any singularities. However, it does not give a satisfactory answer to the question of whether there was a beginning In this paper, we have first provided a new scenario in which the universe expands, contracts, expands again, and naturally continues to slow-roll inflation based on Einstein gravity with a canonical single scalar field without violating NEC nor encountering any singularity. We showed that, for the scenario to be successful, the spatial curvature must be positive and the scalar potential should become flat as the value of the scalar field moves farther away from the potential minimum. Interestingly, our scenario nicely fits into the creation of the universe from nothing [48] . Even if the universe begins to contract due to negative potential or positive curvature after the creation from nothing, it can in principle expand again if the curvature term catches up with the scalar energy while the scalar stays on a flat potential.
It is fair to say that such a nontrivial cosmological history is not realized for an arbitrary choice of the parameters, and some sort of tuning is necessary. The amount of fine-tuning, however, is not severe at all, especially if the initial spatial curvature is relatively large as in the scenario of the creation from nothing. Indeed, we have easily found numerous such solutions. However, the fine-tuning becomes severer for a smaller initial spatial curvature, and the subsequent evolution of the universe tends to be extremely sensitive to the initial condition and the choice of the parameters. The required possible tuning of the parameters may be explained by an anthropic argument. Suppose that the universe is born in a superposition of various states with different shapes of the potential. Some of the universes may continue to expand and enter the slow-roll inflation regime. Others may start to contract due to either negative potential or positive spatial curvature, and only those with finelytuned parameters will experience the bounce and survive long time for observers to emerge.
We emphasize here that the flat potential required for the bouncing solution keeps the cosmic expansion accelerated after the bounce. For a certain potential, the slowroll inflation takes over and lasts for sufficiently large e-folds. For instance, eternal inflation may take place around the maximum of the flat potential. Alternatively, if the e-folds are just enough, we may be able to see the positive spatial curvature in the future observations. This should be contrasted to a bubble universe scenario in the string landscape which predicts negative curvature [68] [69] [70] [71] . Hence, our scenario is in principle falsifiable.
It is interesting to note that the latest CMB observation may be hinting at the positive spatial curvature: The Planck bound on the spatial curvature reads −0.095 < Ω K < −0.007 (Planck 2018 TT,TE,EE+lowE 99% CL), although it is currently consistent with flat universe because, when the lensing and BAO constraints are combined, the limit becomes Ω K = 0.0007 ± 0.0019 (68% confidence level) [1] . If future observations confirm the positive curvature, it might be the remnant of the fact that our universe was created from nothing.
3 Such a universe might have experienced a contraction phase in a very early age.
We have so far neglected other components such as radiation or matter that may also contribute to the energy density at the relevant epoch. For our scenario to work, the fraction of such additional components must be sufficiently suppressed. This is because, otherwise, they would grow faster than the curvature term. Once such components dominate the energy density in the contraction phase, the curvature term cannot compete with them. Eventually, the kinetic energy tends to dominate the universe, and the universe will collapse. Therefore, a finite amount of such extra components limits the duration of the contraction phase, and sets a lower bound on the initial spatial curvature for the bounce to occur.
Let us mention an interesting effect induced by an additional light scalar field ϕ (such as axions and the Higgs field) which has multiple (metastable) minima with different potential height. We assume that its initial kinetic energy is sufficiently suppressed. During the contraction phase, the kinetic energy of ϕ grows, and if its equation of motion is approximated byφ + 3Hφ 0 with H < 0, its kinetic energy grows like a −6 . Then, ϕ may go over the potential barrier and reach another minimum with a higher vacuum energy. If ϕ is eventually stabilized at the new minimum after the bounce, the vacuum energy can be dynamically uplifted in the contracting universe [73, 74] . Then, it may be possible to dynamically set the vacuum energy around the origin of φ vanishingly small. In this case, we do not have to modify the potential of φ (such as eq. (10)) to prevent the universe from entering another contracting phase. After sufficiently long inflation on the plateau, φ may return to the minimum around the origin.
While we have mainly focused on the case in which the bounce took place in the very early universe, it is in principle possible that our universe will experience the contraction and bounce in a distant future. This is the case if the dark energy is due to a quintessence field and the potential becomes negative in the future. The existence of matter and radiation in the present universe will place a limit on the amount of contraction. In particular, the contraction must start well after the positive curvature term dominates over matter for the universe to avoid the Big Crunch.
Before closing, we mention an attractive feature of our scenario. As mentioned before, the total energy density of the universe increases during the contraction phase, and it is possible for the universe to reach an energy scale much higher than the initial state. 4 It may also be possible to modify the potential that allows an arbitrarily large enhancement. There is a class of exponential potentials which allows the ratio f = V /ρ kin of the kinetic energy and the potential energy to be constant [8, 75] . The ratio f is related to the equation-of-state parameter w = P/ρ as w = 1−f 1+f . Thus, if the solution of φ around the negative potential can be smoothly connected to this scaling solution with w < −1/3, it allows the bounce at higher energy. This possibility is attractive especially when the universe is born by the Hartle-Hawking noboundary proposal [61] , which prefers a creation of the universe with lower energy states (V (φ) → 0) and does not predict suitable states for the inflation [76] . However, if the universe experienced the contraction and the energy density largely increases after the bounce, the universe might lead to inflation. We leave a detailed study of such a possibility for future work.
